ABSTRACT: The availability of large collections of de novo designed proteins presents new opportunities to harness novel macromolecules for synthetic biological functions. Many of these new functions will require binding to small molecules. Is the ability to bind small molecules a property that arises only in response to biological selection or computational design? Or alternatively, is small molecule binding a property of folded proteins that occurs readily amidst collections of unevolved sequences? These questions can be addressed by assessing the binding potential of de novo proteins that are designed to fold into stable structures, but are "naïve" in the sense that they (i) share no significant sequence similarity with natural proteins and (ii) were neither selected nor designed to bind small molecules. We chose three naïve proteins from a library of sequences designed to fold into 4-helix bundles and screened for binding to 10,000 compounds displayed on small molecule microarrays. Several binders were identified, and binding was characterized by a series of biophysical assays. Surprisingly, despite the similarity of the three de novo proteins to one another, they exhibit selective ligand binding. These findings demonstrate the potential of novel proteins for molecular recognition and have significant implications for a range of applications in synthetic biology. KEYWORDS: protein design, binary code, small molecule microarray, four helix bundle, molecular evolution R ecent advances enabling the design and construction of large collections of novel proteins present new opportunities to devise functional macromolecules for applications in synthetic biology. For many of these applications, proper function will depend on the ability of a novel protein to recognize and bind to a small molecule (SM). SMs can contribute to protein function by acting as substrates, cofactors, or allosteric regulators. Moreover, SM binding can enable functions that range from enzyme catalysis to gene regulation, and more than 30% of natural proteins require SMs to fold and/or function.
R ecent advances enabling the design and construction of large collections of novel proteins present new opportunities to devise functional macromolecules for applications in synthetic biology. For many of these applications, proper function will depend on the ability of a novel protein to recognize and bind to a small molecule (SM). SMs can contribute to protein function by acting as substrates, cofactors, or allosteric regulators. Moreover, SM binding can enable functions that range from enzyme catalysis to gene regulation, and more than 30% of natural proteins require SMs to fold and/or function. 1 For some natural proteins, SM binding is tight and specific, while for others it is weak and/or promiscuous. Although tight and specific binding is unlikely to arise naturally without eons of selective pressure, it is not clear whether moderate binding affinity and/or specificity might be found among collections of unevolved proteins designed in the laboratory.
These broad questions can now be addressed by direct experimentation using purified proteins isolated from libraries of de novo designed sequences. To probe the SM binding potential of such sequences, we assessed the binding of three de novo designed α-helical proteins to diverse compounds displayed on small molecule microarrays. 2 The sequences of these three de novo proteins are not related to known natural sequences, and they were neither selected nor designed to bind SMs. We considered three possible outcomes:
(i) SM binding is difficult to achieve without selection (or rational design): If this is true, then specific (nonpromiscuous) interactions between SMs and unevolved de novo proteins would occur only very rarely. (ii) The binding of SMs by naïve proteins is inherently promiscuous: This model would predict that three de novo proteins sharing sequence and structural similarity would bind weakly and non-specifically to the same SMs. (iii) Specific (non-promiscuous) binding of SMs to folded protein structures is not a rare occurrence: If this is correct, then de novo proteins that were designed to fold but not explicitly designed to recognize SMs would nonetheless bind SMs with reasonable affinities and specificities. To distinguish between these possibilities, we probed the SM binding capabilities of three novel proteins chosen from a combinatorial library of de novo sequences. In order to focus our studies on the binding capabilities of folded proteins, rather than unfolded, aggregated, or insoluble sequences, we used proteins from a collection of sequences designed to fold into soluble 3-dimensional structures, rather than from libraries of random sequences, which would rarely yield well-folded structures. 3, 4 Specifically, our three proteins were drawn from a library of sequences designed to fold into 4-helix bundles. As described previously, these sequences were designed using the binary code for protein design, which posits that stably folded proteins can be encoded by specifying the sequence pattern of polar and nonpolar residues (the binary pattern) to coincide with the exposed and buried parts of a structure, respectively. 5 Accordingly, a 4-helix bundle is designed to contain four stretches of the following pattern of polar (○) and nonpolar (•) residues: ○•○○••○○•○○••○. This pattern is consistent with the α-helical repeat of 3.6 residues/turn in an amphiphilic α-helix. Indeed, this binary pattern (or shorter segments of this pattern) is found frequently among amphiphilic α-helices of natural proteins. 6 The three artificial proteins chosen for the current studies were S824, S836, and S23 from a second-generation library described previously. 7 These sequences were chosen for four reasons: (i) They have been structurally and thermodynamically characterized, and the 3-dimensional structures of both S824 and S836 were determined by NMR ( Figure 1A) . 8, 9 (ii) The sequences of the three de novo proteins are very similar to one another ( Figure 1B) , 7 allowing us to ascribe differences in binding to small changes in sequence. (iii) Despite their sequence similarities, these three proteins cover a range of structural stability: S824 is extremely well-ordered; S836 has a well-defined structure but is more dynamic than S824; S23 is considerably more dynamic and resembles a molten globule. 7 (iv) None of these de novo sequences share significant similarity with known natural sequences.
Because these proteins were obtained from libraries of de novo sequences, they are not products of biological selection for SM binding. Indeed, they are not biased by any requirement to provide life-sustaining functions. Their only requirement is that they be non-toxic to E. coli, and readily expressed and purified. Therefore, these proteins are well suited for a first assessment of the binding potential of sequences that are folded, but unbiased by evolutionary history.
The three de novo proteins were screened for binding to 10,000 different compounds displayed on microarrays. Hits were confirmed, and binding constants were assessed by spectroscopic assays. The results show that these unevolved 4-helix bundle proteins indeed recognize and bind a range of SMs. Furthermore, despite their sequence and structural similarities, proteins S824, S836, and S23 display some level of selectivity: they distinguish between different compounds and bind targets with different affinities. Our results show that de novo proteins that were designed to fold but not explicitly designed to recognize SMs can nonetheless bind organic compounds with reasonable affinities and specificities. These results indicate that specific (non-promiscuous) binding between SMs and de novo folded proteins is not rare and can be found by screening relatively modest-sized libraries. These findings have implications for the early evolution of protein function and provide a foundation for engineering novel proteins for applications in synthetic biology. 10 
■ RESULTS AND DISCUSSION
Collections of de novo designed proteins present new opportunities for synthetic biology. Because many synthetic biological applications will require novel proteins that bind small molecules, it is important to assess whether SM binding is (i) a relatively common feature of folded proteins that can be found by medium throughput screening or (ii) a rare feature that must either be computationally designed or selected by evolution (in nature or in vitro). As a first step toward assessing the potential of unevolved (naïve) proteins to bind SMs, we probed the abilities of three de novo proteins from a combinatorial library of 4-helix bundles to bind to a diverse collection of organic compounds displayed on microarrays.
Small-Molecule Microarrays Enable High-Throughput Screening for Binding to de novo Proteins. We used small-molecule microarrays (SMMs) to identify compounds that bound each of our three de novo proteins. SMMs are glass slides on which libraries of SMs are covalently immobilized in an array of microscopic spots. A single slide typically contains nearly 10,000 compounds, allowing rapid screening of diverse libraries of SMs. SMM slides can be probed with a fluorophoreor epitope-tagged protein, and compounds that bind the protein are detected by automated fluorescence read-out. 11 SMMs have been used previously to identify compounds that bind a range of natural proteins, including calmodulin, transcriptional regulators, Alzheimer's Aβ peptide, and histone deacetylases. 12−15 For the current study, we used SMMs displaying a range of compounds, including bioactive molecules, natural products, and molecules originating from diversity-oriented syntheses. 11, 16 To detect binding to a spot on a SMM, we used variants of proteins S824, S836, and S23 that were tagged at their Ctermini with the octapeptide FLAG-tag. Proteins that bound to spots on the array were visualized by probing with an anti-FLAG antibody followed by a fluorescently labeled secondary antibody. Each screen was performed in triplicate, and signal over background (DMSO controls) scores were calculated as composite Z values, 2, 17, 18 which are available at the ChemBank database at http://chembank.broadinstitute.org/. These composite Z scores do not merely report signal intensity; they are normalized relative to the background across all spots on a given array and to the reproducibility of the signal between replicated plates of the same experiment. Detailed explanation of composite Z score calculation can be found elsewhere. 18 Compounds that were shown previously to be promiscuous binders to a range of natural proteins (according to ChemBank database) or exhibited binding in the control experiments (see Methods section) were disqualified prior to ranking. Thus, the considered SMs include only those compounds that are not promiscuous binders. Because composite Z scores do not necessarily correspond to solution affinities, we focused on the top assay positives for each protein, rather than on those that scored above an arbitrary cutoff for composite Z score. The composite Z scores of the top 20 assay positives are shown in Supplementary Table  S1 , and their structures are presented in Supplementary Figure  S1 . Interestingly, among these top 20 hits, proteins S824 and S836 recognize many of the same compounds, and more than 50% of these shared hits possess aliphatic chains (Supplementary Figure S1 ).
A broader comparison of the binding preferences of the three de novo proteins is shown in Figure 2 , which plots the top 100 ranked molecules for each protein (a total of 233 potential binders) against one another and presents the correlation coefficient (r) between data sets. These correlations, consistent with the top 20 binding preferences shown in Supplementary  Table S1 , show that proteins S824 and S836 recognize many of the same compounds (r = 0.69), while the molten globule structure of protein S23 seems to have a more distinctive binding profile (r = −0.41).
Despite overall similarities in the binding profiles of proteins S824 and S836, there are distinct differences in the compounds they recognize. For example, saclofen, RELII062-R1, and NP-005403 are highly ranked for S824 but do not come close to the top rankings for S836. Protein S23 differs from the other two proteins in several respects: it has a considerably less ordered (more molten globule-like) structure than S824 or S836 7 and favors a different group of compounds ( Figure 2 and Supplementary Figure S1 ).
Estimation of Binding Affinities. SMM assays provide lists of putative binders, rather than quantitative measures of affinity. Therefore actual binding must be confirmed using biophysical assays. To provide such confirmation, we chose four commercially available compounds and measured the binding of these compounds to all three of our de novo proteins. To ensure that recognition was mediated by the de novo sequence without contributions from the FLAG tag, these assays were performed with untagged proteins.
The structures of paromomycin, streptomycin, saclofen, and embelin are shown in Figure 3 . To address the possibility that that these compounds might be generic (sticky) binders, we analyzed the ChemBank database for binding to natural proteins. (Because data in ChemBank are based on unvalidated SMM studies, we defined binding permissively, by including all compounds with composite Z scores ≥1.0 and within the first 500 SMM "hits.") This analysis showed that paromomycin, streptomycin, saclofen, and embelin bind very few natural proteins. Indeed, only single natural proteins, among several hundred assayed, were suggested to bind saclofen, streptomycin, or embelin. Only six natural proteins were suggested to bind paromomycin. Thus, the four compounds studied here are not promiscuous binders.
Results of the SMM assay for the four compounds are shown in Figure 3 . The dissociation constants (K D 's) were estimated using a range of biophysical methods, as summarized in Table 1 .
Paromomycin is an antibiotic that inhibits protein synthesis by binding the 16S RNA of the bacterial ribosome with a K D estimated to be ∼0.1 μM. 19, 20 The SMM screen identified paromomycin among the top 20 binders to protein S23. It also scored relatively high (ranked 26th) for protein S836 and near the top 20 for S824. To confirm binding and estimate affinities, we used pulse field gradient spin echo (PFGSE) NMR. 21 This method is well-suited to study the affinities between macromolecules and SMs, and we have used it previously to study binding to novel proteins. 22 PFGSE NMR enables estimation of binding affinities from the mole fraction of the protein/ligand complex, which is estimated from the observed diffusion coefficients of the ligand in the free and bound states. PFGSE experiments monitoring the interaction of paromomycin with S836 and S23 yielded K D values in the range of 15−20 μM (Figure 4a ). To confirm this binding by an orthogonal biophysical method, we used surface plasmon resonance (SPR) with paromomycin immobilized on a sensor chip. Immobilization was accomplished using EDC/NHS chemistry to capture the compound with heterogeneous display via different amines. Dissociation constants of 50, 8, and 10 μM, were estimated for S824, S836, and S23, respectively (Figure 4b and Supplementary Figure S2A ), verifying that all 3 de novo proteins bind paromomycin.
Streptomycin, also an antibiotic, inhibits protein synthesis by binding the S12 protein of the 30S subunit of the bacterial ribosome with a K D in the range of 1 μM. Figure 4A ). SPR indicated extremely weak binding, suggesting this method is not suitable for saclofen, perhaps because of its small size and/or because functional groups essential for binding were compromised by immobilization to the chip. We also attempted isothermal titration calorimetry (ITC) to assess saclofen binding; however, the very low enthalpy of this interaction precluded an accurate determination of the K D . Thus, in the case of saclofen, we were able to estimate binding affinities to S23 and S824 by PFGSE NMR; however, we were unable to confirm these K D 's by an orthogonal technique.
Embelin is a natural product isolated from plants. It displays a variety of biological functions, including antioxidative and pro-apoptotic activities. 27, 28 The natural binding partner for embelin is not known; however, it was found to bind the BIR3 domain of the XIAP (X-linked inhibitor of apoptosis) protein with a K D estimated in the lower micromolar range (≤1 μM).
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Due to its long alkyl chain, embelin is poorly soluble in aqueous solution (<250 μM at neutral pH). In the SMM screen, embelin was among the top-20 assay positives for S824, a mediocre binder for S836, and below background for S23. Initial indications that embelin also binds S824 in solution came from observations that (i) in the presence of S824, embelin remained soluble ( Figure 4C) , and (ii) embelin coeluted with S824 from a gel filtration column. Binding of embelin to the de novo proteins was probed using PFGSE NMR ( Figure 4A ). As suggested by the SMM screen, S23 bound weakly, with a K D estimated around 1 mM. In contrast, the S824−embelin interaction was too strong to measure accurately by PFGSE NMR; when the concentration of S824 was equal to or greater than that of embelin, the 1 H peaks corresponding to the alkyl chain of free embelin (0.74 ppm, 1.14−1.16 ppm and 2.1 ppm) were absent (Supplementary Figure S3) , indicating the SM was bound with a relatively long residence time. Therefore we estimated the affinity using CD spectroscopy. Monitoring the CD signal of embelin at 334 nm (Supplementary Figure S4A) following titration into a solution of protein S824 indicates that binding occurs with equimolar stoichiometry (Supplementary Figure S4B) and an apparent K D of 60 ± 30 μM ( Figure 4D ). Binding was confirmed in a reciprocal experiment, with the titration of protein S824 into embelin yielding an estimated K D of 20 ± 7 μM (Supplementary Figure S4C) . The dissociation constant for protein S836 appeared at least 10-fold weaker than for S824 ( Figure 4D ), and as expected from the SMM and NMR experiments, binding to S23 was not detectable by CD (Supplementary Figure S4D) . To confirm that binding of embelin to S824 is both specific and non-covalent, we performed several additional experiments. First, we examined the possibility of non-specific binding at multiple sites in the protein. If embelin bound multiple sites, one would expect the 1 H NMR peaks of the SM to remain invisible at embelin/S824 ratios greater than 1. This was not the case (Supplementary Figure S3) . Equimolar stoichiometry was also confirmed by CD, as noted above (Supplementary Figure S4B) . Second, we assayed for formation of a covalent adduct 30 using both mass spectrometry and organic/aqueous extraction. Mass spectrometry of a S824-embelin sample confirmed the mass of the apoprotein with no trace of a covalent adduct (Supplementary Figure S5A) . Next, we showed that extraction with butanone removed the embelin and left apo-S824 in the aqueous phase (Supplementary Figure S5B) . Taken together, our results indicate that protein S824 binds embelin in a non-covalent one-to-one complex with an affinity in the mid micromolar range.
Binding Embelin Induces a Conformational Change in Protein S824. Because the binding of embelin was relatively specific for protein S824, we were especially interested in the structural changes that accompany this binding. 1 H− 15 N HSQC NMR spectroscopy showed that binding to embelin reduced the dispersion of cross-peaks ( Figure 5A ) and accelerated H-D exchange (Supplementary Figure S6) . The previously assigned peaks in the HSQC spectrum of S824 31 enabled identification of side chains that interact with embelin (Supplementary Figure S7) . Most of the affected residues occur in the hydrophobic core of the protein, the second loop, and the chain termini ( Figure 5B ). (Additional nonpolar α-helical residues beyond those shown may contribute to binding; however, these resonances were difficult to reassign because of decreased resolution in the crowded region of the spectrum.) Embelin binding also seems to affect residue Asp-32. However, this residue seems too remote to contact embelin. Presumably, embelin binding causes overall changes in the structure of S824, which may be transmitted to this residue.
We were surprised to note that although protein S824 binds embelin with higher affinity than proteins S23 or S836, most of the residues involved in binding are conserved among all three sequences. Thus, the impact of changing the protein sequence is subtle. To probe the complementary effect, i.e., the impact of changing the small molecule, we measured binding to the following analogues of embelin:
• 2,5-Dihydroxy-1,4-benzoquinone (DHBQ), which contains the quinone ring by itself, did not bind S824.
• 2,5-Dihydroxy-3-heptyl-1,4-benzoquinone (DHHBQ), a derivative with a shorter alkyl chain, bound S824 with affinity ∼100-fold weaker than that of embelin (Supplementary Figure S8A) . • 2,5-Dimetoxy-3-undecyl-1,4-benzoquinone (DMUBQ), an analogue with a modified ring, bound with a somewhat weaker affinity (K D = 180 μM, Supplementary Figure S8B ). These results show that the nonpolar residues in the core of the protein and the alkyl chain of the SM are important for binding; however, structural features of the quinone are less important. These conclusions were further supported by the 1 H NMR spectra of S824/embelin complex, which showed that binding to S824 caused the 23 aliphatic protons of embelin to populate new molecular environments (Supplementary Figure  S3) . Taken together, these data suggest that binding is mediated primarily by insertion of the alkyl chain into the core of the protein, with the quinone acting as a placeholder on the surface of the protein. Such interactions presumably disrupt the well-packed interior of the protein and stabilize the more dynamic and less stable structure that is observed upon binding.
Similar de novo Proteins Have Different Binding Specificities. The three proteins examined in this study have sequences that are ∼70% identical. Not surprisingly, these proteins bind many of the same SMs. An unexpected result, however, was the finding that some compounds distinguish between the three proteins by binding with dramatically different affinities. This selectivity may be related to differences in the structural flexibility of the three proteins. As noted above, previous NMR studies showed that proteins S824 and S836 form well-ordered structures, whereas S23 is more like a dynamic molten globule. The importance of protein flexibility in dictating the binding profile is highlighted by Figure 2 , which shows that the two well-ordered proteins share many SM hits in common, whereas the S23 molten globule favors a different set of SMs. Further evidence that similar sequences do not automatically lead to similar binding profiles is provided by our observation that although embelin binds S824 with an affinity much stronger than that of S23 or S836, the residues responsible for this binding occur in conserved regions of the protein sequence ( Figure 5 ).
Structural plasticity is likely to facilitate greater promiscuity in ligand binding, 32, 33 as flexible structures sample more conformations that may accommodate a wider range of binding partners. However, such binding often comes at the expense of affinity, as malleable binding sites are not preorganized and must pay an entropic cost to form a complementary binding site. The trade-off between specificity and affinity (or stability) has been described previously in several systems. 34−36 These considerations suggest that the molten globule, S23, would bind to a wider range of SMs than the more rigid proteins, S824 and S836. Indeed, S23 may bind a significant fraction of the compounds bound by S824 and S836, but with affinities that are below the detection sensitivity of the SMM screen. This type of flexible recognition with relatively low affinity may explain why the residues in S824 that contact embelin ( Figure 5 ) are conserved among all 3 proteins.
Implications for Protein Evolution in Natural Biology and for Protein Design in Synthetic Biology. The overall agreement between the SMM screens and the biophysical measurements demonstrate that although the de novo proteins were neither evolved nor designed to bind SMs, they indeed recognize a range of compounds with moderate affinities and some level of specificity. These findings have implications both for the evolution of functional proteins in nature and for the design of proteins de novo.
In nature, functional proteins can be divided into two classes: (i) those that require only the chemical moieties provided by 31 (B) Structure of S824 with residues affected by embelin marked in red (based on changes in chemical shifts). Residues are Y2, G3, N6, D32, V40, G52, G54, G55, I89, and V100. All but D32 are "conserved" residues. Additional changes corresponding to buried helical residues could not be assigned with confidence due to the loss of dispersion. the amino acid side chains and polypeptide backbone and (ii) those that require bound cofactors for activity. Both classes evolved from pools of sequences that served as the feedstock of molecular evolution; however, the differing requirements of the two classes may have led to different evolutionary trajectories. The first class of functional proteins, the purists, underwent selective pressure to fold into structures that place the side chain and backbone atoms of the active site in the precise orientations required for catalysis. The serine proteases represent a classic example of this first type of enzyme. 37 The second class of functional proteins underwent selective pressure to bind SMs that enable function. The cytochromes, which bind the heme cofactor, comprise a diverse collection of this second class of enzymes.
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By analogy to the evolution of functional proteins in nature, recent work on the design of functional proteins de novo can also be divided into two classes: those that function with 39−46 and those that function without 40,47−49 bound cofactors. While some level of success has been achieved for both classes, there are more examples of de novo proteins that rely on cofactors for activity. This is not surprising since using preorganized activity modules to impart function is likely to be easier than designing proteins with active sites that are preorganized into fixed locations by precise positioning of each side chain and backbone atom. Similarly, it seems likely that the early evolution of natural systems may have favored proteins with cofactor-based activities. 50, 51 If SM binding is an initial step toward protein function, then the occurrence of functional proteins early in evolution would have depended upon how frequently SM binding occurred in a population of unselected sequences. To probe the frequency of SM binding in random sequence space, Keefe and Szostak performed a pioneering study in which they screened 6 × 10 12 random 80-residue sequences for ATP binding. 52 From this vast collection of sequences, they found 4 that bound ATP. While those results suggested that binding to specific SMs is difficult to achieve and occurs very rarely in unselected sequence space, two factors must be considered: (i) their library was constructed randomly, and therefore the vast majority of sequences would not be expected to fold into stable protein-like structures; and (ii) screening was performed only against one target, ATP.
In contrast to the studies by Keefe and Szostak, our experiments focus on a family of sequences that are predisposed to fold into stable structures. Our results show that nonpromiscuous SM binding, with a degree of selectivity, occurs readily in a collection of unevolved folded sequences. Depending on one's perspective, this finding may or may not have been expected a priori; however, it could not have been probed experimentally without the availability of collections of de novo designed folded proteins, such as those described here. This initial study focused on one simple family of folds, the 4-helix bundle. For this family of structures, our findings support the premise that binding to small molecules occurs relatively frequently among unevolved collections of folded proteins. Because proteins that bind SMs can provide a feedstock for the optimization of specificity and function, their occurrence among unselected libraries of folded sequences suggests a mechanism for the rapid evolution of biological functions.
■ METHODS
Protein Expression and Purification. The plasmid for expressing epitope tagged proteins was based on the pT7-FLAG-4 vector (Sigma), which allows C-terminal tagging with the octapeptide, DYKDDDDK. Untagged proteins were expressed using a modified pCA24N vector (p3GLAR). Proteins were expressed in E. coli BL21 star (DE3) (Invitrogen) as described (Supporting Information).
SMM Screen. SMMs were prepared, screened, and analyzed as described. 11 Data and procedures are summarized in Supporting Information. A complete list of screened SMs and SM binding profiles can be found in the ChemBank database. 18 All screens were performed in triplicate. Detection of interactions with the FLAG-tagged proteins was performed using a monoclonal mouse anti-FLAG M2 antibody (Sigma) and AlexaFluor 647 labeled goat anti-mouse antibody (Invitrogen). Slides were scanned for fluorescence at 532 and 635 nm using a GenePix 4200A slide scanner. To avoid false positives, control analyses were also performed with FLAG peptide (instead of protein) as well as with goat anti-mouse (secondary) antibody alone or together with anti-FLAG (primary) antibody.
The signal-to-noise ratios for screens involving proteins S824 and S836 were generally lower than for S23 (maximum composite Z scores of 1.9 and 1.1, respectively). Because of the different normalization between experiments, using composite Z scores to make comparisons across different proteins is not valid. 18, 53 Nonetheless, the composite Z value is a good indication for binding likelihood within each experiment: the higher the score, the greater the likelihood that binding is real. Accordingly, a negative or zero composite Z should give a good indication for no or very weak binding.
Calculation of Correlation Coefficients. The extent of a linear relationship between composite Z scores of two SMM data sets was calculated according to Pearson product moment correlation coefficient, r:
where x and y are the composite Z scores, and x ̅ and y ̅ represent the mean average of the respective data sets. The range of the coefficient is −1 ≤ r ≤ +1, where r = +1 reports perfect correlation, r = 0 no correlation, and r = −1 inverse correlation. Circular Dichroism (CD) Spectroscopy. Spectra were acquired using an AVIV 62DS spectropolarimeter equipped with temperature-controlled sample holder and a 1-mm path length cuvette. All experiments were performed in PBS, pH 7.3. Ellipticity at each wavelength was averaged for 5 s. For titration analyses, 1−2 μL aliquots of concentrated embelin stock (20 mM in DMSO) were added to 300 μL of sample. Solubilization of the SM was facilitated by bath sonication for 1−2 min.
Surface Plasmon Resonance (SPR). Affinities were evaluated using a BIAcore 3000 (BIAcore Inc.). Approximately 840 and 200 resonance units (RU) of paromomycin or streptomycin were immobilized onto a research grade sensor chip CM5 using amine coupling kit (BIAcore) as described by the manufacturer. Double dilutions of S824, S836, and S23 (at indicated concentrations in PBS, pH 7.3) were passed over the chip at a flow rate of 30 μL/min. The chip surface was regenerated after each run with 10 mM NaOH (40 μL/min for 7 s) and reequilibrated in PBS buffer. Sensogram data were analyzed using the BIAevaluation 4.1. Steady-state equilibrium binding constants were calculated from the final RU values after binding saturation (reaching plateau) using Origin 7.0 (OriginLab) with the 1:1 Langmuir binding model. ) ). Powdered SMs were first dissolved in water or DMSO (embelin) and then diluted in the protein sample. All samples containing embelin were further centrifuged (10 min at 13,000 rpm) to remove insoluble material. Water signals were suppressed using excitation sculpting. 55 Reassignment of protein peaks from pH 4.0 (determined previously 31 ) to pH 7.0 was accomplished manually by acquiring spectra every 0.5 pH unit between 4.0 and 7.0. Measurement parameters are detailed in Supporting Information.
PFGSE NMR and Estimation of K D . Spectra were acquired at 22°C using the same spectrometer as above equipped with z-field gradient of max 53 G/cm. A stimulated echo pulse sequence was used. 21 The gradient pulse duration (δ) was set to 3 ms, and the magnetic field gradient (G) was ramped from 0.53 to 42.4 G/cm. The diffusion time (Δ) was set to 200 ms. To maximize the signal-to-noise ratio, 128 or 512 scans were run over at least 9 gradient steps, depending on the sample. Calculations of diffusion coefficients and estimation of K D are explained in Supporting Information.
Mass Spectrometry. The S824/embelin sample (0.1 mM S824, 0.2 mM embelin in H 2 O) was analyzed on an Agilent 6220 TOF LC/MS system. Sample was diluted 1:1 in 90% CH 3 CN, 10% H 2 O, 0.1% formic acid.
Isothermal Titration Calorimetry. ITC was performed using a MCS ITC instrument (Microcal). Concentrations were 2.3 mM saclofen and 0.9 mM S824. Fifty aliquots (2−4 μL each) of saclofen solution were automatically injected into the sample cell containing protein S824. Titrations were performed at 30°C. 
